We present a technique for simulating time-varying mobile radio channels. This technique is specifically suited to the small relative Doppler bandwidths of wideband channels encountered in CDMA and OFDM communications. A "subsampled" ARMA innovations filter and multistage interpolation are used to achieve an accurate and computationally efficient approximation of specified or measured Doppler spectra (scattering functions). We discuss the calculation of the ARMA coefficients and the optimal design of the multistage interpolator. Simulation results demonstrate the excellent performance of the proposed channel simulator.
INTRODUCTION
Computer simulation of mobile radio channels is of great importance for the development and evaluation of mobile communications systems. A discrete-time channel model that is convenient for channel simulation is the time-varying tapped delay line (FIR filter) with input-output relation [l, Generating a realization of a tap weight process h, [n] .
0,1, . . ., A4-1) whose second-order statistics should conform to the specified rm [l] or, equivalently, S,(V). In this paper,
we consider a tap process generator based on an autoregressive moving-average (ARMA) innovations filter [3,4] that is driven by stationary white Gaussian noise. To avoid the high ARMA model order that would normally be needed for achieving the small relative Doppler bandwidths encountered in wideband CDMA and OFDM systems, we propose a "subsampled" ARMA innovations filter that is designed using a subsampled autocorrelation
To compensate for the subsampling, the ARMA filter is followed by a multistage interpolator [5] for which we propose an MSE-optimal design. A block diagram of the resulting tap process generator is shown in Fig. 1 . The generic structure of a channel simulator consisting of innovations filters and interpolators was previously considered in [6] . The proposed channel simulator has numerous advantages over other channel simulation techniques [l, 7-10]: the ARMA modeling approach allows accurate approximation of arbitrary Doppler spectra; arbitrarily long tap sequences can be generated online; new realizations are generated in each simulation run; the simulated channel is guaranteed to be Rayleigh fading; and finally, the multistage interpolator allows for efficient implementation, simplified interpolator filter design, and easy adjustment of the Doppler bandwidth without modification of the ARMA filter. Section 2 discusses the subsampled ARMA innovations filter and presents methods for calculating the filter coefficients. Section 3 considers the multistage interpolator and its optimal design. Finally, simulation results are provided in Section 4.
ARMA INNOVATIONS FILTER
The subsampled ARMA innovations filter is an IIR filter described by the difference equation [3] The rest of the paper is organized as follows. Typically, the ARMA model will only provide an approximation to the specified d [ n ] and S'(v), and thus (3) and ( 4 ) will be satisfied only approximately. Here, y is a suitable loading parameter ensuring that all poles of the AR filter are inside the unit circle. For good results, N must be chosen much larger than P .
Calculation of the AR Coefficients
Criteria for selecting the AR model order P are discussed Equation (4) 
MULTISTAGE INTERPOLATOR
To compensate for the subsampling of r[n] in (I), the out- (where LE] denotes the largest integer 5 E), with
Here, h('))[n] and h(k+l)[n] are the input and output, respectively, of the kth interpolator stage (in particular, h(')[n] = h'[n] and h ( K ) [ n ]
= h[n], cf. Fig. l) , and pi"[n] and ujk)[n] are the impulse response (of length 2Vk) and output sequence, respectively, of the ith polyphase filter of the kth interpolator stage.
We propose a mean square error (MSE) optimal design of the multistage interpolator that is analogous to the "deterministic MSE design" described in 9) ) is the output signal of an ideal interpolator polyphase filter with transfer function Fjk)(v) = ej2aiu/Lk [5] . This means that the individual polyphase filters p!"[n] can be designed independently by separately minimizing the MSE components MSEik). It is easily verified that MSEik) can be expressed in the frequency domain as 
Here, S(')(v) = E,"==_, r(')[n] e-jZnun, with dk)[n]

. r(')[-2Vk
+1]]. Since R(') does not depend on i, (11) is best solved by explicitly inverting R(k) using the Levinson algorithm [3, 411 which has to be done only once per interpolator stage k.
The MSE-optimal multistage interpolator explicitly depends on the exact shape of the specified Doppler spectrum S ( v ) . If this dependence is undesired, one may employ a suboptimal default design using a rectangular S(v) that is constant within the Doppler bandwidth and zero outside. it is possible to simultaneously generate channels with equal Doppler profile but different Doppler bandwidths. Fig. 3 compares the frequency responses of the subsampled ARMA filter obtained with our MA design method (see Subsection 2.2) and with Durbin's method [3, 4] . Identical AR coefficients were used. Note that these frequency responses do not include the interpolator; the Doppler bandwidth of 0.1 in Fig. 3 corresponds to a Doppler bandwidth of after interpolation by L = 1000. It can be seen that our efficient method achieves slightly better stop-band attenuation than Durbin's method. Fig. 4(a) shows a specified scattering function that was estimated [14] from channel data measured in a suburban area.'
Simulation 2: Realistic Channel
To each one of the M = 6 specified Doppler spectra Sm(v), m = 0,1, . . ., 5 , we designed a corresponding subsampled ARMA filter of order P = 50 and Q = 1000 using parameters N = 500 and y = lop5. The subsampling/interpolator parameters were as in Subsection 4.1. Fig. 4(b) shows an estimate of the scattering function Sm(u) derived from 200 realizations of the simulated impulse response (tap processes) hm [n] , m = 0,1,. . ., 5 , each of length 5 . lo5. It is seen that the channel simulator achieves a good approximation of the specified scattering function. Finally, a segment of a simulated impulse response h,[n] is shown in Fig. 4(c) .
CONCLUSIONS
We have presented a technique for simulating time-varying mobile radio channels that is specifically suited to the small Courtesy of T-Nova Deutsche Telekom Innovationsgesellschaft mbH, Technologiezentrum Darmstadt, Germany.
relative Doppler bandwidths encountered in wideband CDMA and OFDM communications. The combination of a "subsampled" ARMA innovations filter with a multistage interpolator was shown to yield substantial advantages regarding accuracy, efficiency, and flexibility.
